The investigation in the present study for numerical simulation of the bed load movement and dispersion of the open water disposal of dredged material compares the results of the Radio Active Tracer (RAT) experiment near New Mangalore Port with the simulation of the same using MIKE-21 software module namely HD (Hydrodynamic) and MT (Mud Transport). In the modeling technique adopted the model input parameters have been modified to uniquely capture the dispersion of the dumped sediments and the results compare well with the in-situ RAT experiments. The present outcome of the modeling exercise is limited only to the dispersion pattern of the sediments vis-à-vis RAT experiment and thus is more qualitative and needs further studies for quantitative comparison.
INTRODUCTION
Due to increase in ship sizes ports are forced to handle large volumes of sediments in the maintenance dredging of deep access channels, consuming a major part of their revenue. One of the components in the cost of dredging is related to the safe disposal of the dredged sediments. Dredging and open water disposal of dredged material have to obey environmental regulations related to turbidity and benthic deposits. On the other hand the dredging efficiency is influenced by the haulage distance to the dumping site as well as the efficient transport of deposited sediments by the ambient conditions of flow, away from the dredging areas. Thus a balance has to be also struck between the cost of transport of the dredged material and the eventual return of the disposed material to the dredged areas.
Open water disposal of dredged sediment is a common practice adopted by the major ports in India. Apart from careful assessment of the environmental impacts, the ports are interested in knowing the trajectory and spread of the material to avoid the return of the sediment in the navigational channels and harbor basins. If the disposal location for dredged material is not chosen properly for the prevailing hydrodynamic conditions and sediment characteristics, substantial volumes of disposed material could find their way back into the port operational areas resulting in loss of depth. Therefore, it is necessary to study the sediment fate and transport mechanism (dispersion) under the action of coastal currents and waves. The investigation for locating suitable disposal site can be done either by direct Radio Active Tracer (RAT) techniques or using mathematical models.
Bed changes and turbidity from marine dredging and disposal arise from sudden removal of bottom sediments (benthic plumes), overspill of surplus or screened sediment mixtures from the surface dredge (surface plumes), and open-water disposal of dredged sediments (surface and benthic plumes). It is recognized that overspill from spillways, screening, and open-water disposal generates a far greater quantity of suspended material and larger plumes than bottom disturbances (Herbich and Brahme, 1991; LaSalle et al., 1991; Herbich, 2000) . Turbidity is generally not an issue when dredging deposits of clean offshore sands with little fine-grained material. Studies also suggest that dredgeinduced turbidity is of little concern in areas with high natural background levels of turbidity, since ecosystems are well-adapted to naturally high loads of suspended sediment caused by tides and wave action. The majority of studies and monitoring efforts of dredge-induced bed level changes and turbidity have demonstrated the localized nature of spreading and dissipating to ambient water quality within several hours after dredging is completed (Schubel et al., 1978; LaSalle et al., 1991; Pennekamp and Quaak, 1990) .
RAT technique is a direct in-situ method for assessing both qualitatively and quantitatively the fate of the sediment under the real time prototype conditions of the site. Mathematical models use numerical computational methods based on elaborate field data, calibration and validation for realistic assessment of the physical process and fate of the sediments. The data from RAT studies can give useful inputs for better model simulations including calibration and validation. In the present study a numerical simulation of the sediment dispersion was carried out using MIKE-21 software for reproduction of the bed load movement of the tracer material as measured in the RAT experiment for New Mangalore Port (NMP) by Bhabha Atomic Research Centre and Central Water and Power Research Station (Sharma et al., 2010) . MIKE-21 software module namely HD (Hydrodynamic) and MT (Mud Transport) were used in the present study. A modified unconventional technique of "switching off" ambient sediment process was used in the mathematical model to capture the trajectory and spread of the sediment deposit from dumped dredged material to closely simulate the field observation in the RAT study at NMP.
METHODOLOGY
The mixing and transport of sediments (suspended load and bed load) are a function of water properties that include depth, temperature, viscosity, stratification, and salinity; sediment properties include background levels of suspended solids, material composition, density, size, particle size distribution (individual grains or flocs), and solids concentration of the slurry; hydrodynamic forces include currents, waves, turbulence, all of which cause horizontal and vertical mixing; and other influences include buoyancy (entrapped air or gas), initial momentum on entering the water body from hopper bottom, etc. The behaviour of sediment mixture released from dredger hopper bottom is separated into three phases -convective descent, dynamic collapse and passive transport-dispersion (Johnson et al., 1978) . In convective descent the cloud falls under the influence of gravity. Dynamic collapse occurs when either the descending cloud (with entrainment of ambient fluid) hits the bottom or encounters the point of neutral buoyancy, where descent is retarded or the horizontal spreading dominates. Passive transport-dispersion commences with sediment transport dominated by ambient currents and turbulence. A part of the sediments will also settle on the bed and may be transported in due course.
The characteristics of dredged material vary substantially. The material ranges from gravel to clays with particle size distributions depending on the site. The sediment particle densities usually range from 2.6 to 2.7 g/cm 3 . In situ bulk densities commonly range from 1.4 to 1.7 g/cm 3 or more. Hydraulic dredging tends to destroy the in situ properties of the material and mixes the sediments with water, the addition of which lowers the bulk density of the water-sediment mixture (compared to its in situ value). In lieu of site-specific information, the voids ratio of both dredged material particles and bulk material is commonly assumed to be 0.8. The particle fall velocities of sand and gravel particles are normally computed using Stokes' law based on particle density and diameter. Clay and silt particles are usually cohesive, and thus their particle fall velocities are usually a function of sediment concentration. Commonly, fall velocities for dilute clay-silt mixtures are dependent on the concentration raised to a power, usually 4/3. If the particles are bound together in clumps, then the fall velocity of the clump is calculable as a non-cohesive particle.
Long term fate of deposited sediments on bed, which is part of passive transport-dispersion process, is the focus of this study and is of interest to ascertain the progressive accumulation or dispersive transport at the dumping grounds. The direct method of RAT technique is often used for estimation of the transport-dispersion (IAEA, 1983) . This method involves labeling the sediments using suitable gamma-emitting radioisotope and tracking this tracer deposited on the bed using the detector to record the spatial and temporal evolution of the activity at the dumping site. The radiotracer counts are used to plot the isocount contours which give the general direction, longitudinal and lateral spread of the tracer patch. Using this data, the transport width, mean transport velocity and transport thickness are estimated and one can obtain the bed load discharge multiplying these parameters with the bulk density.
The bed load transport can be also modeled using computer based numerical modeling techniques, generically called as mathematical models. Separate models are used for cohesive and non-cohesive sediments. The comprehensive modeling suite MIKE21, developed by Danish Hydraulic Institute, has been used in the present study. MIKE21 is a depth integrated two dimensional model and the transport of fine grained sediments (< 63 mm) is included in the mud transport (MT) module linked to the hydrodynamic (HD) and the advection-dispersion (AD) modules. The MT model uses the transport equation for mud described by Teisson, 1991 . The processes included are shown in Figure 1 . The erosion of deposited material is handled separately as hard bed (Partheniades, 1965) and soft bed (Parchure and Mehta, 1985) . It is possible to activate sand transport in MT module in case a certain fraction of the bed material is in the fine sand fraction between 63 and 125 mm that may be transported both as suspended load or bed load.
In the MT model the sediment bed is defined as one or more bed layers with further inputs on sediment mass contained in the layer, the dry density and erosion properties. The active bed layer in time and space is defined as the first layer taken from the top (Figure 1 ). Erosion is expected from the active layer. Similarly deposition of sediments will always be in the uppermost layer. The dumping of the sediments from dredger Hopper is simulated as a point source in the MT model. In the present study, the initial model simulation was carried out defining the bed layers and transport for the entire model domain including the point source for the release of dredged material at the designated site. With this approach it was not possible to uniquely identify the deposition, erosion and transport of the disposed dredged material due to influence and interference of ambient sediment processes. This distinction was, however, necessary to have a comparison with the results of the RAT studies which effectively is the tracking of the bed load transport of the tracer sediments. Therefore, the model was tricked with modified data for ambient conditions to "switch off" the bed layers and associated processes in the model domain, other than near the dumping point. Thus the simulation was directed exclusively for the point source. This technique with proper tuning was ultimately found to be very successful in the assessment of the dispersion from the dumping site.
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HD AND MT MODELS FOR NEW MANGALORE PORT
The northern part of NMP including the injection site is shown in figure 2 . The coastline near Mangalore is straight with shore parallel contours. The present approach channel at NMP is 7200 m long and was progressively deepened to (-) 15.4 m below Chart Datum (CD). The general soil profile in the port area indicates sand up to a depth of (-) 8.9 m to (-) 10.0 m CD; a thick layer of Medium and stiff clay from (-) 10.0 to (-) 16.0 m CD followed by soft and hard rock (Kamath, M.M., 2001) . The tide in this region is semi-diurnal and mixed in nature with tidal range varying between 0.4 to 1.6 m. The currents off the coast of New Mangalore are weak with peak magnitude being of the order of 0.15 m/s and follow the tidal variations. The general offshore surface currents are reported to be either south (February to October) or north (November to January). The predominant wave directions at Mangalore are from West, South-West and North-West. The significant wave height in deep waters is estimated as 3.66 m with wave period of 10 s. The bed sediments in the navigation channel consist of 85% Silt, 10% Clay and 5% Fine Sand. The median diameter (d 50 ) is 0.008 mm (Jagadeesh et al., 2003) .
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The HD and the MT models were setup for simulation for the dredging season which commences after the monsoon when the sea is calm. This roughly corresponds to the period after October and the sea currents are generally towards north. Since the disposal of the dredged material is in the calm season and beyond (-) 22 m contour the effect of waves is not considered in the models. The dumping site (Lat. 12°57.567 ' N and Long. 74°41.685' E) is shown in Figure 2 . In order to cover adequate area around the dumping site the model domain extended more on the north of the port and beyond (-) 30 m contours in the offshore. The model is rotated 77°relative to true north so that the y-axis lies parallel to the flow in the main channel running from NMP towards the Arabian Sea. The boundaries have been kept sufficiently away from the approach channel and dumping site. As the area required to be simulated is very large, a grid spacing of 90 meters was chosen to keep the number of computational points in the optimum range. The maximum value of Courant number which can used without having stability problems does, however, depend on the bathymetry. Normally one can have a maximum Courant number up to 5 in MIKE 21 Flow Model. The model set up for the present studies has time step of 20 seconds giving a courant number of the order of 3.75. The digitised bathymetry was based on Admiralty Charts No. 2052. Tidal level observations and current measurements were taken from the port authority. Tidal levels used for model is shown in figure 3 . The model bathymetry in 3-D is shown in figure 4 . Much effort was spent in its preparation especially in the approach channel and offshore area including the injection site, where the dredged material is to be disposed. Simultaneous measurements of the water level close to the disposed site were available for a period of at least three tidal cycles. This period was therefore selected as the calibration period.
The model was calibrated so that the simulated and measured water level variation near disposed site showed a satisfactory agreement. The comparison of simulated and measured current speed, current direction and water levels are shown in figures 5 and 6.
After initial trials the following methodology was adopted in the MT module of MIKE-21 software: 1. In the definition the initial bed layer thickness, only 0.1 m thickness was given at the injection point and rest of the model bed thickness set to 0.05. 2. In specifying the density of bed layers, sediment diameter of 0.015 mm was given at the injection point and 0.6 mm for rest of the model bed. 3. Initial and boundary concentrations for suspended sediment were set to zero in the whole model area. 4. Critical shear stress definition for erosion and deposition was uniquely defined as a shear stress field linearly varied between the injection site and the boundaries.
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Volume 5 · Number 3 · 2014 5. Selecting dispersion coefficients is very difficult. The optimum method is to obtain the coefficients from a calibration process, where simulated and measured concentration fields are compared. Very seldom are measurements available for calibration of transport processes. These processes have very long response times (months or years), and therefore, empirical estimates have to be utilised. In the mathematical model the dispersion coefficient is specified based on the average depth, currents, the grid spacing and the time step. Based on this dispersion coefficients are defined as 1 m 2 /s in both the x, y directions.
RESULTS
Before setting up the mud transport model for study of dispersion of dredged material, the hydrodynamic model was required to be set precisely. Once the hydrodynamic model results come satisfactory, the mud transport model set up and simulations are taken up. The change in bed thickness has been taken as a parameter for tracing the dispersion of bed material deposited from the point source.
MT Model results had not come satisfactory easily, but it required number of simulations with lot of Vikas Kumar Shukla, T. Nagendra and Nayan Sharma 133
Volume 5 · Number 3 · 2014 The numerical model is computing the change in bed thickness and in BARC studies the sediment spread is measured in terms of the radiation activity measured as counts per minute. Therefore a direct comparison between these two parameters is not possible. Hence, these values have been normalised by dividing each value by the peak value in the data set and the normalised values have been compared. The Tables 1 to 2 give the normalised values and RMSD for the comparison of 15 days simulation and corresponding RAT study results. The comparison of the sediment spread in the north-south and eastwest direction have been shown in figures 10 and 11 respectively. The RMSD value for the normalized data was 0.15 and 0.36 in the north-south and east-west directions of spread respectively which indicate reasonably good correlation between the results of the two studies.
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DISCUSSION
Attempts were made in the present study for numerical simulation of the bed load movement and dispersion of the tracer material as measured in the RAT experiment by BARC for NMP. MIKE-21 software module namely HD (Hydrodynamic) and MT (Mud Transport) were used for investigation. The initial trials in the models posed difficulty in distinguishing the dredged material from the ambient sediments. In the present problem the movement of the tracer material was required to be uniquely identified in the numerical model simulation. In the MIKE-21 module, the simulation of sediment movement would also include the advective as well as dispersive transport of the existing bed material including the boundary input of ambient suspended sediments. In the initial simulations, it was observed that the model was showing movement of material in the whole domain or area due to which the movement of disposed material (Tracer) could not be distinguished from the ambient conditions of sediment transport. The guiding principle adopted was to segregate and uniquely identify the movement of the disposed material so as to define the various parameters in such a way that no erosion from the actual bed will be allowed. The model input data of sediment parameters were adjusted so that the disposed dredged material fraction was influenced independently. With the above mentioned technique, the numerical model simulation results for the dispersion of dredged sediments were comparable with the RAT studies. In the present study the MIKE21, particle tracking model cannot be used since the simulation involves only bed load transport. Hence, the model for dispersion study has been set by using Mud transport module of MIKE21 in such a manner that only disposed dredged material movement could be traced as bed load movement. This technique after
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International Journal of Ocean and Climate Systems proper calibration of the models is very fast, economical, less cumbersome, sufficiently reliable compared to RAT technique, which require a lot of machinery, manpower and time for execution. In the present study a comparison of the change in bed thickness could only be accomplished in a qualitative sense since the bed thickness change could not be directly correlated with the RAT study result. The next step would be to attempt a more quantitative simulation in the models.
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CONCLUSION
A modified modeling technique could be successfully applied in a mathematical model to simulate the dispersion of disposed dredged sediments at New Mangalore Port. The results generally agreed well in a qualitative sense with observed (RAT) areas of deposition and dispersion. Results from these simulations have substantiated that MIKE21-MT model can be used to accurately simulate the fate of material during disposal operations. The method adopted is useful, fast and economical. 
